In recent years, much effort has been devoted to unraveling the connection between the accretion flow and the jets in accreting compact objects. In the present work, we report new constraints on these issues, through the long term study of the radio and X-ray behaviour of the black hole candidate H1743−322. This source is known to be one of the 'outliers' of the universal radio/X-ray correlation, i.e. a group of accreting stellar-mass black holes displaying fainter radio emission for a given X-ray luminosity than expected from the correlation. Our study shows that the radio and X-ray emission of H1743−322 are strongly correlated at high luminosity in the hard spectral state. However, this correlation is unusually steep for a black hole X-ray binary: b ∼ 1.4 (with L Radio ∝ L b X ). Below a critical luminosity, the correlation becomes shallower until it rejoins the standard correlation with b ∼ 0.6. Based on these results, we first show that the steep correlation can be explained if the inner accretion flow is radiatively efficient during the hard state, in contrast to what is usually assumed for black hole Xray binaries in this spectral state. The transition between the steep and the standard correlation would therefore reflect a change from a radiatively efficient to a radiatively inefficient accretion flow. Finally, we investigate the possibility that the discrepancy between 'outliers' and 'standard' black holes arises from the outflow properties rather than from the accretion flow.
INTRODUCTION
Black hole X-ray binaries (BHXBs) are binary systems consisting of a black hole primary in orbit with a less evolved companion star. These systems spend most of their time in a faint quiescent state, being barely detectable at almost all wavelengths. They may undergo sudden and bright fewmonth-long X-ray outbursts with typical recurrence periods of many years (Tanaka & Shibazaki 1996) . The picture commonly accepted to explain the emission of such objects inNow at School of Physics and Astronomy, University of Southampton, Southampton, SO17 1BJ, UK. E-mail: m.coriat@soton.ac.uk volves an optically thick and geometrically thin accretion disc, mostly emitting at typical energies of ∼1 keV. This region is probably surrounded by a corona of hot plasma, where UV and soft X-ray photons originating from the disc undergo inverse Compton scattering, producing a power law spectrum in the hard X-ray band. In addition to this 'Xray picture', BHXBs are also characterised by the intermittent presence of relativistic outflows. This ejected material is mainly detected at radio wavelengths (see e.g., Hjellming & Johnston 1981; Mirabel & Rodriguez 1994; Fender 2006) though it can sometimes dominate the low-frequency emission up to the near infrared (Corbel et Several spectral states have been identified based on the relative strengths and properties of the different X-ray emitting components (see e.g., McClintock & Remillard 2006; . The two main spectral states are the soft state, dominated by thermal emission from the accretion disc, and the hard state, dominated by emission from the corona. Various instances (hard or soft) of the intermediate state have also been defined to describe the transition phases between the two main states. During these phases the X-ray spectra usually display hardnesses in between those of the hard and the soft state as a result of comparable contributions to the emission from the disc and the corona. These spectral characteristics are also coupled to different levels of X-ray variability (see e.g., van der Klis 2006; Belloni 2010, for a review).
The radio emission in the hard state is usually characterized by a flat or slightly inverted spectrum (Sν ∝ ν α with α ∼ 0). This is interpreted as self-absorbed synchrotron emission from steady, collimated, compact jets, in analogy with those observed in active galactic nuclei (Blandford & Königl 1979; Hjellming & Johnston 1988) . During the soft state these compact jets are thought to be quenched (Fender et al. 1999; Corbel et al. 2000) and any radio emission, if present, is attributed to residual optically thin synchrotron emission from transient ejecta (Corbel et al. 2004; Fender, Belloni & Gallo 2004) .
Observations of several sources have provided evidence that a strong connection exists between radio and X-ray emission during the hard state (Hannikainen et al. 1998; Corbel et al. 2000 Corbel et al. , 2003 Gallo, Fender & Pooley 2003) . This connection takes the form of a non-linear flux correlation, F Rad ∝ F b X , where F Rad is the radio flux density, FX is the X-ray flux and b ∼ 0.5 − 0.7. It was subsequently shown that this same correlation also holds between opticalinfrared (OIR) and X-ray fluxes Russell et al. 2006 Russell et al. , 2007 Coriat et al. 2009 ). These correlations indicate that the compact jets are strongly connected with the accretion flow (disk and/or corona), and possibly that their emission (synchrotron and/or inverse Compton) can comprise a significant contribution to the observed high-energy flux (see e.g., Markoff et al. 2001 Markoff et al. , 2003 Markoff et al. , 2005 Rodriguez et al. 2008a; Russell et al. 2010 ). This radio/X-ray correlation, initially established for the source GX 339-4, has been extended to other galactic black holes (mainly V404 Cyg; Gallo, Fender & Pooley 2003; Corbel, Körding & Kaaret 2008) and even active galactic nuclei (Merloni, Heinz & di Matteo 2003; Falcke, Körding & Markoff 2004; Körding, Falcke & Corbel 2006) . also showed that a similar correlation exists for neutron star X-ray binaries (NSXBs), but with a steeper correlation coefficient (b ∼ 1.4) and fainter radio emission for a given X-ray luminosity than seen in black holes (Fender & Hendry 2000; Fender & Kuulkers 2001; Muno et al. 2005) .
However, in the following years, a few galactic black hole candidates (BHCs) were found to lie well outside the scatter of the original radio/X-ray correlation (e.g., XTE J1720-318, Brocksopp et al. 2005 ; XTE J1650-500, Corbel et al. 2004 ; IGR J17497−2821, Rodriguez et al. 2007 ; Swift J1753.5-0127, Cadolle , Soleri et al. 2010 ), thus either increasing its scatter or challenging the universality of the correlation itself. Some of them could also be false identifications of black holes. For a given X-ray luminosity, these outliers show a radio luminosity fainter than expected from the correlation (thus are sometimes dubbed 'radio-quiet' BHCs). However, for most of these outliers, there are no radio measurements available at low X-ray luminosities. Therefore we do not know whether they remain underluminous in the radio band at low accretion rates. The current lack of data also precludes a precise measurement of the slope of the correlation (if any) for the outliers. It is therefore unclear whether they follow a correlation similar to the 'standard' BHXBs but with a lower normalisation or whether their inflow/outflow connection is intrinsically different. Moreover, we do not know if their behaviour is recurrent over several outbursts. These are some of issues that we address in this work.
Note that in the following, we will use the term 'outliers' rather than 'radio-quiet BHCs' to describe these sources. As we will show, they could be considered 'X-ray loud' as well. However, it should be borne in mind that the term 'outliers' might not be appropriate either. Indeed, given the increasing number of these sources, the 'outliers' could in fact turn out to be the norm.
H1743−322
The X-ray transient H1743−322 was discovered with the Ariel V and HEAO I satellites by Kaluzienski & Holt (1977) during a bright outburst in 1977. In 2003, another bright outburst was first detected with the International Gammaray Astrophysics Laboratory (INTEGRAL). The source was initially dubbed IGR J17464−3213, before it was identified as H1743−322 (Markwardt & Swank 2003) . This outburst was extensively studied at all wavelengths (see e.g., Parmar et al. 2003; Joinet et al. 2005; Capitanio et al. 2005; Lutovinov et al. 2005; Miller et al. 2006; Kalemci et al. 2006; McClintock et al. 2009 ). It was shown in particular that the spectral and timing features of H1743−322 were similar to those of other, dynamically confirmed, blackhole X-ray transients (McClintock et al. 2009 ). It was thus classified as a BHC.
During the return to quiescence following this outburst, Corbel et al. (2005) reported the detection of large scale, synchrotron-emitting jets moving away from the central source. These jets were detected at both radio and X-ray wavelengths as a consequence of the interaction between the ejected plasma and the interstellar medium (ISM). Using the observed proper motions of the X-ray jets, these authors also derived an upper limit to the source distance of 10.4 ± 2.9 kpc. Given its location (l = 357.255 and b = −1.83) in the direction of the Galactic bulge, and a rather high column density, this upper limit is consistent with a Galactic Center distance for H1743−322. In the following, we will therefore assume a distance of 8 kpc.
The 2003 outburst was followed by weaker outbursts (see Fig. 1 ) in 2004 (Swank 2004 ) which were poorly sampled at both X-ray and radio wavelengths. Therefore, no detailed studies of these two phases have been carried out to date. Further outbursts were observed in the first months of 2008 (2008a in the following; Kalemci et al. 2008; Jonker et al. 2010 ) and in 2008 September-November (2008b in the following; . During the outburst decay of the 2008a outburst, Jonker et al. (2010) reported a radio/X-ray correlation slope of b = 0.18 ± 0.01. The authors also found that H1743−322 lies well below the 'universal' radio/X-ray correlation making of H1743−322 another outlier. The weak 2008b outburst was classified as 'failed'. The source made a short cycle between the hard and the hard intermediate state but never reached the soft state (Prat et al. 2009; Capitanio et al. 2009 ). The source entered another outburst phase in 2009 (Krimm et al. 2009 ) and also in early 2010 (Yamaoka et al. 2009 ). In 2009, the system followed the canonical evolution through all the characteristic states (Motta et al. 2010) . The variation of the flux associated with the two main spectral components (i.e. disc and power law) allowed Motta et al. (2010) to set a lower limit to the orbital inclination of the system of 43
• . In this work, we focus on the long-term study of the radio/X-ray correlation over the 6 outbursts mentioned above. We aim to investigate in detail the accretion-ejection coupling in this system in the global context of the 'outliers' of the radio/X-ray correlation. The sequence of observations and data reduction processes are described in Section 2. In Section 3, we present the analysis of the radio/X-ray correlation, the selection process that we applied to isolate and study the connection between the compact jets and the inner accretion flow, and finally a comparison with other black hole and neutron star X-ray binaries. These results are then discussed in Section 4, in which we investigate several possible interpretations. Our conclusions are summarised in Section 5.
OBSERVATIONS
2.1 X-ray
RXTE: Data reduction and spectral analysis
We analysed all publicly available observations of H1743−322 in the RXTE archive taken between 2003 January 1 and 2010 February 13. The data were reduced using the HEASOFT software package v6.8, following the standard steps described in the RXTE cookbook 1 . Spectra were extracted from the Proportional Counter Array (PCA; Jahoda et al. 2006) in the 3-25 keV range. We only used the top layer of the Proportional Counter Unit (PCU) 2 as it is the only operational unit across all observations and is the bestcalibrated detector out of the five PCUs. Systematic errors of 0.5 per cent were added to all channels. In the 20-150 keV range, we used data from the High Energy Timing Experiment (HEXTE), which we reduced following standard steps. From December 2005, due to problems in the rocking motion of Cluster A, we extracted spectra from Cluster B only. Due to the low count rate in the HEXTE data in most of the observations, all channels were rebinned by a factor of 4.
In addition, we constructed Hardness Intensity Diagrams (HIDs) from PCA data. These data were extracted from PCU2 (all layers) and corrected for background. Averaged count rates were extracted in two bands: (standard 2) 1 http://heasarc.gsfc.nasa.gov/docs/xte/data analysis.html channels 2 − 10 and 19 − 40, corresponding to 2.5 − 6.1 and 9.4 − 18.5 keV, respectively. The hardness ratio was defined as the ratio of the flux in the second band to that in the first band, and the intensity was calculated as the sum of the fluxes in both bands.
We performed a simultaneous fit to the PCA and HEXTE spectra in XSPEC V12.5.1n, using a floating normalisation constant to allow for cross-calibration uncertainties. The main objective of the X-ray spectral analysis was to obtain a correct estimation of the unabsorbed flux in the 3-9 keV band. Consequently, we used simple models to reproduce the spectra and achieve statistically acceptable fits (i.e., a reduced χ 2 < 2). We used a power-law (powerlaw) and an absorption component (phabs) as a starting model. When required by an F-test, we added a multi-temperature disc blackbody (diskbb) and/or a high energy cutoff (highecut). Eventually, when the residuals indicated the presence of reflection features, we used a Gaussian emission line (gaussian constrained in energy between 6 and 7 keV) and smeared absorption edge (smedge, constrained in energy between 7 and 9 keV). The hydrogen column density was fixed at the value obtained by Prat et al. (2009) 2 using Swift and XMM/Newton observations i.e. NH= 1.8 ± 0.2 × 10 22 cm −2 . At low count rates, when H1743−322 was not significantly detected by HEXTE, fits were made to the PCA spectrum only. We finally obtained an average reduced χ 2 of 1.04 with a minimum of 0.64 and a maximum of 1.35. Unabsorbed fluxes were then estimated in the 3-9 keV energy ranges, according to the PCA normalisation.
Due to the location of the source close to the Galactic plane, the Galactic ridge emission starts to significantly contaminate the estimated 3-9 keV PCA flux below ∼ 10 −10 erg s −1 cm −2 . Kalemci et al. (2006) determined a 3-25 keV unabsorbed flux from the ridge emission of 1.08 × 10 −10 erg s −1 cm −2 , based on the analysis of nine observations in 2004 (MJD 53021-53055) . We analysed the same data set to estimate the ridge emission in the 3-9 keV band and found an unabsorbed flux of (6.0 ± 0.6) × 10 −11 erg s −1 cm −2 . Consequently, we subtracted this value from all 3-9 keV PCA fluxes. To check whether a simple subtraction was appropriate to correct the measured source flux for the contamination from the ridge emission, we combined the spectra of the 9 observations mentioned above to obtain a typical ridge spectrum. We then used this as an additional background spectrum for several on-source observations, where the ridge emission made a significantly contribution. Finally, we compared the 3-9 keV fluxes obtained using this method with those obtained via simple flux subtraction. There was no significant difference within the error bars. burst using Chandra and Swift X-ray data simultaneous with radio observations from the Very Large Array (VLA).
Other X-ray satellites
Since they provide important constraints on the correlation at low luminosity, we included in our study the Xray fluxes published in their paper. We converted the unabsorbed 0.5-10 keV fluxes into absorbed 3-9 keV fluxes with the WebPimms tool 3 using the NH and photon index provided by the authors. For consistency with the RXTE data, we then calculated the unabsorbed 3-9 keV fluxes using NH= 1.8 × 10 22 cm −2 .
X-ray state classification
Since the definition and nature of the X-ray states is still debated, in the following, we will adopt a simplified classification adapted to the purpose of this work. Our aim is to understand the nature of the connection between the corona and the compact jets for the outliers of the radio/X-ray correlation. Therefore, we will be mainly interested in phases where the compact jets are present and where the X-ray emission in the 3-9 keV band is dominated by the powerlaw emitting component. Consequently, we will define only three states: hard, soft and intermediate. To be classified as hard state, we require that the power-law component dominates the X-ray spectrum in the sense that an accretion disc component was not required (by an F-test) to correctly fit the data above 3 keV. We also require a power-law photon index Γ < 2. We define the soft state by a power-law photon index Γ > 2 and a disk flux comprising > 75 per cent of the 3-9 keV flux. All observations that do not correspond to either of these criteria are classified as intermediate states. This upgrade has provided a new broadband backend system for the ATCA, increasing the maximum bandwidth from 128 MHz to 2 GHz. Each observation was conducted simultaneously in two different frequency bands, with central frequencies of 4.8 GHz and 8.64 GHz (5.5 GHz and 9 GHz respectively following the CABB upgrade). Various array configurations were used during these observations. The ATCA has orthogonal linearly polarised feeds and full Stokes parameters (I, Q, U, V) are recorded at each frequency. We used PKS 1934-638 for absolute flux and bandpass calibration, and PMN 1729-37 to calibrate the antenna gains and phases as a function of time. We determined the polarisation leakages using either the primary or the secondary calibrator, depending on the parallactic angle coverage of the secondary. Imaging was carried out using a combination of multi-frequency (Sault & Wieringa 1994) clean and standard clean algorithms. The editing, calibration, Fourier transformation, deconvolution and image analysis were carried out with the Multichannel Image Reconstruction, Image Analysis and Display (MIRIAD) software (Sault, Teuben & Wright 1995) .
Radio

VLA
H1743−322 has also been regularly observed between 2003 and 2010 with the VLA. To extend our data set, we made use of the radio flux densities at 4.86 GHz and 8.46 GHz published in McClintock et al. (2009) for the 2003 outburst, in Rupen et al. (2004 Rupen et al. ( , 2005 for the 2004 and 2005 outbursts and in Rupen et al. (2008a,b) and Jonker et al. (2010) for the 2008a outbursts. We collected a total of 68 VLA pointings. All VLA data are summarised in the aforementioned references in which data reduction and analysis are detailed. In addition, we retrieved unpublished archival data of the 2004 outburst (PI: Rupen) from the National Radio Astronomy Observatory (NRAO) database. All data were reduced using standard procedures within the NRAO AIPS software pack- age, using 3C286 as our primary calibrator, and J1744-3116 as the secondary calibrator.
For the 2009 outburst, we triggered VLA observations of H1743−322 after detection of an X-ray flare by Swift/BAT on 2009 May 26 (Krimm et al. 2009 ). On 2009 May 27, we detected unresolved radio emission at 8.4 GHz and triggered a monitoring campaign to cover the outburst of the source from the rising hard state through the decay back to quiescence. Our final observation was taken on 2009 August 6. Observations were made in dual circular polarisation in each of two contiguous intermediate frequency pairs, giving a total bandwidth of 100 MHz per polarization. We observed primarily at 8.4 and 4.8 GHz, but also at 1.4 GHz when the source flux density was predicted to be above 0.3 mJy, and at 22.4 GHz for two epochs at the peak of the flare, although the source was not detected in either observation at this frequency. The array was in its intermediate CnB and C configurations throughout the duration of our observing campaign.
Simultaneity
For the vast majority of the radio data, we found quasisimultaneous (∆t 1 day) RXTE observations. Otherwise, we interpolated the X-ray flux from a polynomial fit to the PCA lightcurve. We estimated that the uncertainty introduced by this method should be less than 15 per cent as the flux evolution was found to be smooth in all cases. When the missing flux was not framed by at least two X-ray pointings, we converted the RXTE /All Sky Monitor (ASM) count rate into 3-9 keV unabsorbed flux with WebPimms, using the spectral parameters of the nearest X-ray observation.
RADIO/X-RAY CORRELATION
Overview
In a first approach to characterise the global radio-X-ray behaviour of H1743−322, we use the complete data set without restricting either the X-ray state or the origin of the radio emission (e.g., compact jet, discrete ejecta, interaction with the ISM). Fig. 3 shows the 8.5 GHz radio flux density 4 versus the 3-9 keV unabsorbed flux over the 2003, 2004, 2005, 2008a, 2008b, 2009 and 2010 outbursts. The left panel of Fig. 3 shows the data grouped according to the X-ray state. The right panel show the data grouped by outburst.
Behaviour at high flux
Above a 3-9 keV X-ray flux ∼ 2×10 −10 erg s −1 cm −2 , the behaviour of H1743−322 seems compatible, on first inspection, with the radio/X-ray behaviour typically observed during an outburst of a BHXB (for a detailed discussion on this unified picture see , e.g., Fender, Homan & Belloni 2009 and references therein). The hard state shows correlated radio and X-ray emissions over two orders of magnitude in radio flux density. On average, it is the most radio loud state for a given X-ray luminosity. During the intermediate state, the X-ray emission increases but is not correlated with the radio emission. For most of the radio observations during the intermediate state, the spectral index is indicative of optically thin synchrotron emission from transient ejecta (α −0.5, where radio flux density, Sν scales with frequency ν as Sν ∝ ν α ). During the soft state, the radio emission is usually not detected as illustrated by the upper limits, however, we note several radio detections during the soft state of the 2003 outburst. This residual emission shows optically thin spectra and could originate from the interaction of the ejected matter with the environment, as was later observed on larger scales ).
Behaviour at low flux
If we consider now the entire plot including the low flux data, we note several data points that clearly depart from the main hard state correlation below ∼ 2 × 10 −10 erg s −1 cm −2 in the 3-9 keV X-ray band. Most of these points (green diamonds in Fig. 3b ) belong to the decay phase of the 2008a outburst and were obtained using the Chandra and Swift satellites along with the VLA (Jonker et al. 2010) . The origin of the radio emission is unclear since most of the VLA observations were conducted at only one frequency. For three of them, however, upper limits at 1.4 GHz are available. The corresponding lower limits on the radio spectral indices (α −0.58, −0.53 and − 0.60) encompass both possibilities of optically thick and thin spectra. On the other hand, we note that the data from the declining hard state of the 2004 and 2009 outbursts (and possibly also 2003 and 2010) also deviate from the main correlation and seem to follow the same trend as the 2008a data. Moreover, their nearly flat radio spectra are consistent with a compact jet origin. This would suggest that this deviation is a significant evolution of the inflow -outflow connection when the source reaches low luminosities.
Jet quenching factor
The drop in radio flux density during the hard to soft state transition is usually attributed to the quenching of the compact (core) jets. To estimate the level of this suppression, we can use the ratio between the highest radio flux attributed to compact jet emission from the initial hard state of an outburst, and the lowest radio upper limit obtained during the soft state of the same outburst. The 3σ upper limit of 0.03 mJy obtained on MJD 52863 during the soft state of the 2003 outburst, provides a quenching factor of ∼ 700, which is, as far as we know, the strongest constraint to date (Fender et al. 1999; Corbel et al. 2001 Corbel et al. , 2004 supporting the idea of jet suppression during the soft state.
Isolating the compact jet -corona connection
The radio/X-ray correlation in BHXBs is usually observed during the canonical hard state where the radio and X-ray emission are assumed to originate from the compact jets and the corona respectively. To study this connection in detail, we restricted our data-set to observations in the hard state for which the radio spectrum was indicative of optically thick synchrotron emission from compact jets, i.e. a radio spectral index whose lower limit is −0.3. We also discarded observations that took place following the first radio flare of an outburst, since the compact jets might be disrupted when discrete ejection events take place (see e.g., Corbel et al. 2004; Fender et al. 2004 Fender et al. , 2009 ).
The selected radio and X-ray fluxes are summarised in Table 1 and the radio/X-ray plot obtained using these filtered data is shown in Fig. 4 . Above ∼ 2×10 −10 erg s
in the 3-9 keV X-ray band, we note a clear correlation over almost two orders of magnitude in radio flux density. We fit the data with a power-law function of the form F Rad = k F b X , where F Rad is the radio flux density at 8.5 GHz (in mJy) and FX is the unabsorbed 3-9 keV X-ray flux (in erg s −1 cm −2 ). We obtain a correlation index b = 1.38 ± 0.03 and a normalisation constant k = 4.43 × 10 12 mJy erg −1 s cm 2 . The correlation index b ∼ 1.4 clearly differs from the range of values (b ∼ 0.5-0.7) observed for other BHXBs (e.g., GX 339-4, V404 Cyg, XTE J1118+480; see Corbel et al. 2003; Gallo et al. 2003; Xue & Cui 2007; Corbel, Körding & Kaaret 2008) . Interestingly, it corresponds to the correlation index found for atoll source neutron stars in the island state ), a state that shares similar properties with the hard state of BHXBs. We also note that our derived correlation index is not consistent with the one found by Jonker et al. (2010) i.e. b = 0.18 ± 0.01. However, this index is obtained by fitting the low luminosity data of the 2008a outburst. Our work suggests that this low value likely reflects a transition phase (see Section 3.3).
We note however that it is the high flux data from 2003 that mostly constrain the correlation index since it is the brightest outburst observed to date from H1743−322. Nonetheless, if we exclude the 2003 data from the fitting process, we obtain the following 99.99 per cent confidence interval for the correlation index: [1.19, 1.65] . This remain in good agreement with the previous results and seems to favour a constant slope for all outbursts.
Comparison with the 'standard' radio/X-ray correlation
To compare the relationship between radio and X-ray fluxes in H1743−322 with the standard radio/X-ray correlation of black hole and neutron star X-ray binaries, we plot in Fig Table 1 . X-ray fluxes and radio flux densities selected for the correlation presented on Fig. 4 . Unless otherwise stated, the X-ray data are from the RXTE-PCA instrument. All RXTE fluxes are corrected for the Galactic ridge emission. We also indicate the interferometer used for the radio observations.
Calendar date MJD X-ray 3-9 keV unabs. flux Radio 8. convert fluxes into luminosity, we used a distance of 8 kpc for GX 339-4 ) and the new distance of 2.39 kpc for V404 Cyg, that was derived using accurate astrometric VLBI observations (Miller-Jones et al. 2009 ).
For the neutron stars, we used 5.2 kpc for Aql X-1 (Jonker & Nelemans 2004 ) and 4.6 kpc for 4U 1728-34 (Galloway et al. 2003 ).
Fig. 5 shows that for intermediate luminosities (∼ 10
36−37 erg s −1 ), H1743−322 lies significantly below the 'standard' correlation for BHXBs but is not compatible either with the neutron star relation. In addition, the figure shows that the deviant points at low luminosity seem to rejoin the standard correlation and then follow it below 2×10 34 erg s −1 . The data points between 2×10 34 erg s −1 and 2 × 10 36 erg s −1 seem thus to reflect a transition between the correlation of slope b = 1.4 and the standard correlation of slope b = 0.6. This supports the idea of a significant change in the coupling between the jets and the corona in H1743−322 when the source reaches low accretion rates.
This transition can be crudely fit with a power-law function with index b = 0.23 ± 0.07 between the 3-9 keV luminosities 2×10
34 erg s −1 and 2×10 36 erg s −1 . The correspond-ing bolometric (3-100 keV) luminosities in Eddington units are L stand ∼ 5 × 10 −5 L Edd and Ltrans ∼ 5 × 10 −3 L Edd for a 10M black hole.
As mentioned in the introduction, H1743−322 is identified as an outlier of the standard radio/X-ray correlation, as confirmed by our results. Some of the numerous questions associated with this outlier population of sources are whether they follow the same correlation slope as the other BHXBs but with a lower normalisation, and whether they remain below the standard correlation at low and high luminosity. In the case of H1743−322, we obtain a correlation index of b = 1.38 ± 0.03. This is the first precise measurement of the radio/X-ray correlation of an outlier. If H1743−322 is representative of these 'radio-quiet' Galactic black holes, our results suggest that their location below the 'standard' correlation is a consequence of an intrinsically different coupling between the jets and the corona rather than just a variation of normalisation. In this respect, we point out the recent work by Soleri et al. (2010) on the outlier Swift J1753.5−0127. These authors report a slope of the radio/X-ray correlation of the source lying between 1.0 and 1.4, in good agreement with our results on H1743−322. Finally, our results suggest that at high (∼ Lmax) and low luminosity ( L stand ), the outliers might not remain below the standard correlation if they follow the same behaviour as H1743−322 (see Fig. 5 ).
DISCUSSION
Nature of the compact object
As mentioned above, the mass of the compact object is not yet constrained, so its nature is still uncertain. Based on the radio/X-ray correlation alone and considering the results of , the 1.4 power-law index could suggest that the accreting compact object is a neutron star. However and more tellingly, the overall behaviour of the source during an outburst, and its X-ray spectral and timing features are very similar to other, dynamically confirmed, black hole binaries (e.g., XTE J1550-564; McClintock et al. 2009 ). The source is thus more likely to be a black hole than a neutron star. In the following discussion, we will therefore consider it as such, but note the caveat that a neutron star primary cannot be entirely ruled out.
Radio-quiet or X-ray-loud microquasar?
As shown in Fig. 5, H1743 −322 spans the same range of X-ray and radio luminosity in the hard state as 'standard' microquasars. Consequently, should we consider that it displays dimmer radio emission for a given X-ray luminosity or the contrary? In other words, are we facing a radio quiet or an X-ray loud microquasar? In the following, we investigate both hypotheses. First (Section 4.3), we consider that the outliers have a more radiatively efficient X-ray emitting component than the 'standard' microquasars (X-ray loud hypothesis). Then (Section 4.4), we consider that the discrepancy between the two populations of sources arise from different jet properties (radiative efficiency, injected power, etc.) leading the outliers to produce fainter radio emission.
Radiatively efficient accretion flow in the hard
state: the X-ray loud hypothesis
We usually define two general classes of accretion flow, depending on whether the gravitational energy of the accreted matter is preferentially released through radiation (radiatively efficient) or carried away with the flow (radiatively inefficient). Radiatively efficient flows include for instance, the standard optically thick and geometrically thin accretion disc model (Shakura & Sunyaev 1973) , some models of accretion disc coronae (ADC) (see e.g., Galeev, Rosner & Vaiana 1979; Haardt & Maraschi 1991; Di Matteo, Celotti & Fabian 1999; Merloni & Fabian 2002) or the luminous hot accretion flow model (LHAF Yuan 2001) . From simple physical assumptions, the scaling of the X-ray luminosity with accretion rate, in most radiatively efficient flows, is expected to be linear, LX ∝Ṁ .
Radiatively inefficient flows are expected to produce Xray emission with LX ∝Ṁ 2−3 . This is the case of accretion flows dominated by advection in which a significant fraction of the energy is advected instead of radiated away. This advected energy can either cross the event horizon (Advection Dominated Accretion Flow: ADAF ; Ichimaru 1977; Narayan & Yi 1994; Abramowicz et al. 1996) and/or be expelled in outflows (Advection Dominated Inflow-Outflow Solution: ADIOS; Blandford & Begelman 1999) . In such models, the X-ray emission arises mainly from Compton up-scattering of internal (synchrotron, bremsstrahlung) or external (blackbody emission from outer thin disc) photon fields. A similar relation (LX ∝Ṁ 2−3 ) is also obtained in systems dominated by jet emission, where most of the energy is channeled into the jets . The X-rays, in that case, can originate at the base of the jets as optically thin synchrotron emission and/or inverse Compton scattering by the outflowing particles of the jet synchrotron photons (synchrotron self-Compton) and disc photons (external Compton).
We will now show that if we assume the standard emission model of compact jets is valid for the outliers, the steep radio/X-ray correlation we have found implies that the accretion flow is radiatively efficient in the hard state, in contrast to what is usually assumed for BHXBs in this X-ray state.
Let us thus consider the classical assumption stating that the total jet power Qjet is a fraction fj < 1 of the (maximal) accretion power Qaccr:
Qaccr =Ṁ c 2 and Qjet = fj Qaccr ,
The fraction fj is usually considered as constant or at least independent of the accretion rate (see e.g., Blandford & Königl 1979; Falcke & Biermann 1995; Heinz & Sunyaev 2003) . Qjet should therefore scale linearly withṀ . Since we restrict ourselves to the standard jet emission model, we will adopt this assumption. However, there is no strong physical argument justifying that fj is independent ofṀ , so we shall discuss it in the next section about the radio-quiet hypothesis.
From the standard equations for synchrotron emission (e.g., Rybicki & Lightman 1979) , one can obtain the following scaling between the jet luminosity Lν at a given frequency and the jet power (see e.g., Heinz & Sunyaev 2003) : On the x-axis, we also indicate three characteristic X-ray luminosities that will ease the discussion. L stand and Ltrans are respectively the lower and the upper bound of the transition between the two correlations. Lmax indicates the point where the steep correlation of H1743−322 connects to the 'standard' correlation at high luminosity. Note that these three luminosities are defined in the 3-100 keV band in the text.
and where α is the spectral index of the jet spectrum (with the convention Lν ∝ ν α ). This relation is valid under the assumptions of the standard model, i.e. a conical jet with an initial energy distribution of relativistic electrons in the form of a power-law with index p (for the impact of different assumptions see e.g Pe'er & Casella 2009). The classical values assumed for p are in the range 2 − 3 (see e.g., Bell 1978; Blandford & Ostriker 1978; Drury et al. 1982; Gallant et al. 1999; Achterberg et al. 2001) , while the spectral index α of the compact jets in the radio range is usually observed between −0.2 and 0.2. Figure 6 shows the variation of the exponent ξ as a function of p for different values of α. We note that for the fiducial values of p and α, ξ varies between 1.22 and 1.58 with an average value of ∼ 1.4.
If the observing frequency is located in the radio range, Eq. (1) and Eq. (2) give L radio ∝Ṁ ξ . If we assume that the X-ray luminosity in the hard state can be written in a general way as LX ∝Ṁ q , we expect the following relation between radio and X-ray luminosities:
Consequently, for ξ between 1.22 and 1.58, the radio/Xray correlation usually found for microquasars (L radio ∝ L 0.5−0.7 X ), requires q ∼ 2−3 and thus a radiatively inefficient accretion flow. On the other hand, the L radio ∝ L of H1743−322 implies q ∼ 1, which suggests the X-ray emission in the hard state is produced by a radiatively efficient flow. In this respect, we note that a radiatively efficient flow during the hard state of Cyg X-1 has been found by Malzac et al. (2009) . Moreover, Rushton et al. (2010) have shown that GRS 1915+105 could be radiatively efficient during its plateau state. This in turn would be consistent with the fact that it lies on the extension, at high luminosity, of the correlation of H1743−322 (Coriat et al. 2010) .
As mentioned previously, to obtain the radio/X-ray plot in Fig. 4 , we filtered the X-ray data to minimise the thermal contribution of the thin disc. We can thus exclude the possibility that the disc contaminates the 3-9 keV emission enough to produce the observed correlation.
As far as we know, besides the standard accretion disc solution, the other models of radiatively efficient accretion flows can be divided in two categories according to their geometry:
(i) Hot accretion flow: the standard accretion disc extends to a truncation radius, where it is replaced by a hot and geometrically thick flow in the inner parts.
(ii) Accretion Disc Corona (ADC): the standard accretion disc extends close to the black hole and is 'sandwiched' by a corona of hot plasma.
In both categories, several models have been developed to explain the properties of BHXBs in the hard state by coupling the accretion flow with steady jets. While the aim of this work is not to review all these models, we briefly examine some examples below.
Hot accretion flows
Most hot accretion flow models are found to be radiatively inefficient, at least at low accretion rates (e.g., ADAF, ADIOS, CDAF), and can only exist below a critical accretion rate (∼ 10 −1 − 10 −2 L Edd c 2 ). However, Yuan (2001) has shown that a hot flow may be maintained above the critical accretion rate when Coulomb coupling between electrons and ions becomes more effective due to increasing density. The obtained accretion flow solution named the Luminous Hot Accretion Flow (LHAF) is described as an extension of the ADAF regime to high accretion rates and is found to be radiatively efficient (see also Yuan & Zdziarski 2004; Yuan et al. 2006) . We can thus check if the luminosity range where we observe the steep correlation is compatible with the LHAF regime. We can write the X-ray luminosity of the accretion flow as LX = ηṀ c 2 with η the efficiency coefficient. η should be constant to get LX ∝Ṁ , which is roughly the case for the LHAF (Yuan private communication). Let us thus assume that H1743−322 is in the LHAF regime in the luminosity range where we observe the correlation of slope 1.4. According to Yuan (2001) , an ADAF should become a LHAF whenṀ exceeds the critical accretion ratė Mcrit ∼ 10α 2 vṀEdd where αv is the viscosity coefficient and where we have defined the Eddington accretion rate aṡ M Edd = L Edd c 2 . For the standard value αv = 0.1, we thus havė Mcrit ∼ 0.1Ṁ Edd . Our results show that the steep correlation starts from a 3-100 keV luminosity Ltrans ∼ 5 × 10 −3 L Edd . Then, for LX = Ltrans = ηṀtransc 2 , we have:
IfṀtrans corresponds to the critical accretion rateṀcrit where the LHAF regime starts, then η = 0.05. The steep correlation is maintained up to the 3-100 keV luminosity Lmax ∼ 6 × 10 −2 L Edd where the intersection with the standard correlation occurs (see Fig. 5 ). If η is indeed constant in the LHAF regime, then for LX = Lmax, the corresponding accretion rateṀmax should be of the order of the Eddington accretion rate. The LHAF hypothesis thus leads to a high but not implausible value of the maximal accretion rate reached in the hard state.
Alternatively, we can estimateṀtrans from the radio luminosity and compare it to the critical accretion ratė Mcrit ∼ 0.1Ṁ Edd . Assuming L radio ∝Ṁ 17/12 (equivalent to Eq. (2) in the case α = 0 and p = 2), Körding, Fender & Migliari (2006) found an estimate of the normalisation constant between the radio luminosity of the compact jets and the accretion rate: . For a 10M black hole, this corresponds to 0.1Ṁ Edd , in agreement with the expected accretion rate at the transition to the LHAF regime. The LHAF model is thus a possible explanation for the behaviour of H1743−322 at high luminosity.
In a similar fashion, hot flow solutions have recently been found (Petrucci private com.) for the Jet Emitting Dic model (JED; see e.g., Ferreira et al. 2006; Ferreira 2002 Ferreira , 2008 Combet & Ferreira 2008 , and references therein), in which the flow goes from radiatively inefficient to radiatively efficient as the accretion rate increases. These JED hot solutions have properties very similar to those of onetemperature accretion flow studied by Esin et al. (1996) in the ADAF regime and revisited for higher accretion rates by Yuan et al. (2006) in the LHAF regime. The originality of the JED solutions resides in the fact that, by construction, they integrate self-consistently stationary and powerful self collimated jets.
Accretion disc corona
Some ADC models could be also radiatively efficient in the hard state (see e.g., Galeev, Rosner & Vaiana 1979; Haardt & Maraschi 1991; Di Matteo, Celotti & Fabian 1999; Malzac, Beloborodov & Poutanen 2001; Merloni & Fabian 2002; Merloni 2003) . In these models, a fraction fc of the accretion power is dissipated in the corona, likely due to magnetic reconnection, and eventually emerges as X-ray radiation. The X-ray luminosity can be written as LX ∼ fcṀ c 2 . In the case where the coronal plasma is heated by magnetic dissipation, Merloni & Fabian (2002) and Merloni (2003) have shown that fc is constant when gas pressure dominates in the disc and therefore LX ∝Ṁ which would explain the steep radio/X-ray correlation. When the radiation pressure dominates in the disc, Merloni, Heinz & di Matteo (2003) have shown that we should also expect a radio/X-ray correlation of the form L radio ∝ L 1.4 X . From the estimates of Merloni (2003) , fc should be of the order of 0.02 to 0.07 (for sub-Eddington systems) and would therefore be consistent with the X-ray luminosity range in which we observe the steep correlation.
From the radio/X-ray correlation point of view, ADC models could be therefore responsible for the X-ray emission in the high luminosity hard state of H1743−322. However, the geometry assumed in these models leads naturally to the debate (beyond the scope of this paper) of whether or not the accretion disc extends close to the black hole.
Efficient to inefficient transition
When LX < Ltrans, our results suggest that H1743−322 undergoes a transition from the steep to the standard correlation. Under the assumptions on jet emission considered in this section, this transition to a relation L radio ∝ L 0.6 X indicates that the accretion flow becomes radiatively inefficient, with LX ∝Ṁ 2−3 below L stand . If we assume that Eq. (2) is valid during this transition (i.e. the radio luminosity is a good tracer of the accretion rate), the variation of radio luminosity between Ltrans and L stand should correspond to a variation of the accretion rate by a factor of ∼ 2. The corresponding variation of the X-ray luminosity is Ltrans/L stand ∼ 100 and this transition occurs on a timescale of 15 days. If the accretion rates varies little, as suggested by the almost constant level of radio emission during this transition, the radiative efficiency coefficient η of the accretion flow should vary significantly (by a factor of ∼ 50).
A transition from an efficient to an inefficient regime could be interpreted as a transition from an LHAF to an ADAF. In the framework of the ADC models, this could arise from changes in the properties of the corona heating mechanism. These details should be investigated on theoretical grounds.
Rather than being due to changes in the intrinsic properties of the accretion flow (as in the LHAF-ADAF case), the transition could results from the contribution of two emitting components, one inefficient with LX ∝Ṁ 2−3 and the other radiatively efficient with LX ∝Ṁ . When both components are present, the efficient component dominates the X-ray flux. Below a givenṀ it disappears, leaving only the inefficient component. As an illustration, we can point to the work on XTE J1550-564 by Russell et al. (2010) . The authors demonstrate the possibility that the origin of the X-ray emission evolves throughout the hard state, being alternatively dominated by thermal Comptonization or direct synchrotron emission from the compact jets. We also point out the work by Rodriguez et al. (2008a,b) on GRS 1915+105, where it is reported that two components are present in the hard X-ray spectrum during the plateau state. One of these components appears to be linked to the radio emission while the other is not. This supports the idea that several components coexist and can dominate alternatively the X-ray band during the hard state. In our case, we could consider that above Ltrans the X-ray emission is dominated by the contribution of an efficient accretion flow (as , e.g., those mentioned previously). Below L stand , the X-rays become dominated, for instance, by the synchrotron or SSC emission from the base of the jets.
The radio/X-ray diagram of BHXBs under the X-ray loud hypothesis
Regardless of the specific models that could explain our results, we can conclude that, as long as the assumptions about the jet physics stated in Eq. (2) and Eq. (3) are correct, the accretion flow has to be radiatively efficient (with LX ∝Ṁ ) above ∼ 5 × 10 −3 L Edd . At lower X-ray luminosities, the radiative efficiency of the accretion flow should decrease significantly to reproduce the transition between the two correlations. Our results suggest then that the X-ray luminosity scales asṀ 2−3 . If H1743−322 is indeed representative of the behaviour of the other outliers, we can thus represent the universal radio/X-ray diagram of BHXBs by the sketch shown in Fig. 7 . This figure summarises the X-ray loud interpretation. We can then distinguish two branches in the radio/X-ray diagram of BHXBs, according to the efficiency of the accretion flow and the consequent scaling of the X-ray luminosity with the mass accretion rate. For a still unknown reason, some BHXBs would remain radiatively inefficient in the hard state up to the transition to the soft state while others (the outliers) would develop a more radiatively efficient accretion flow leading them to follow the efficient branch. We also illustrate the possibility of the transition between branches below the critical accretion rateṀtrans.
If this sketch correctly describes the situation, the major issue to address now is to determine which fundamental parameter influences the global evolution of the accretion flow with mass accretion rate and will lead some black hole systems to follow the 'efficient' branch and others the 'inefficient' branch. In future works we thus need to investigate the influence of parameters such as the orbital period, the environment (e.g., magnetic) of the binary, or perhaps the nature or evolutionary stage of the companion star. The physical conditions at outer boundary of the accretion disc could also have an influence on the dynamical and radiative structure of the flow (Yuan et al. 2000) .
Beyond the standard assumptions on compact jet emission: the radio-quiet hypothesis
Another way to assess the problem would be to consider that the difference between the standard microquasars and the outliers arises from different jet properties rather than from different accretion flows. In this case we can relax the assumptions leading to Eq. (2) and Eq. (3). We can first consider that the fraction fj (in Qjet = fj Qaccr) of accretion energy injected into the jets is in fact dependent on the accretion rate. For simplicity, we will consider a linear dependence, fj ∝Ṁ . In that case, Eq. (3) becomes L radio ∝ L 2ξ/q X . For a radiatively inefficient accretion flow (q ∼ 2), this gives the correlation we observe for H1743−322.
Whether or not fj is dependent on the accretion rate depends on the details of the jet launching mechanism: e.g., mass loading into the jet, the specific acceleration mechanism or the origin of the magnetic field. A detailed theoretical study is therefore required to address this issue. However, as an example, if we consider the standard theories of magnetically driven jets, we note that the material is accelerated from a given region of the disc. The size of this region is usually considered as constant in the models (and is often the entire disc). But if we assume that, for any reason, this size evolves with accretion rate, it would therefore introduce a dependency of fj onṀ . This is however very speculative and we would have to explain why the size of this region changes in some systems and not in others.
Another parameter that could strongly influence the jet X-ray Luminosity (LEdd)
Radio Luminosity I n e f fi c i e n t b r a n c h E f fi c i e n t b r a n c h Figure 7 . A schematic drawing of the global radio/X-ray correlation for Galactic black holes. The X-ray luminosity is expressed in terms of the Eddington luminosity for a 10 M black hole. This figure illustrates the case where the correlation L radio ∝ L 1.4 X of the outliers is a consequence of the coupling between a radiatively efficient accretion flow and a steady compact jet whose radio emission can be described by the relation L radio ∝Ṁ 1.4 . We distinguish two branches in this diagram according to the efficiency of the accretion flow and the consequent scaling of the X-ray luminosity with the mass accretion rate. The inefficient branch corresponds to the 'standard' radio/X-ray correlation observed for black holes systems like GX 339-4 or V404 Cyg. The inner flow in these systems can be described by, e.g., a hot and inefficient accretion flow such as an ADAF, or by X-ray jet models as proposed by Markoff and collaborators. The efficient branch corresponds the radio/X-ray correlation of the outliers for which the X-ray luminosity in the hard state varies linearly with mass accretion rate. The X-ray emitting component in these systems could be described by , e.g., a hot and efficient accretion flow such as the LHAF or hot-JED solutions or by some magnetic corona models. We also illustrate on this figure the possibility of a transition between the two branches as suggested by the behaviour of H1743−322. The pictures representing the different models are adapted from Markoff & Nowak (2004) and Nowak et al. (2004) .
emission is of course the strength of the magnetic field embedded in the jet plasma. This will modify the synchrotron emission as a function of the jet power (Eq. 2). Pe 'er & Casella (2009) presented a new model for jet emission in XRBs, in which they showed that the flux at radio wavelengths depends on the value of the magnetic field in a nontrivial way. Above a critical magnetic field strength, the outflowing electrons cool rapidly close to the jet base, leading to a strong suppression of the radio emission. Based on these results, proposed that the outliers are sources with magnetic fields above the critical value. With respect to our results, it could also explain the transition phase between the two correlations. If we consider that the magnetic field strength evolves throughout the outburst (e.g., with the accretion rate), the transition could be due to the magnetic field decreasing below the critical value, leading H1743−322 to the same level of radio emission as GX 339−4 and V404 Cyg. However, the model does not explain precisely how the radio luminosity evolves with the injected power and thus with the accretion rate. Therefore, we cannot judge whether or not it is able to reproduce the correlation index of 1.4 we found. We thus encourage further developments of this model.
CONCLUSIONS
In this work we have studied the long term radio/X-ray correlation of the BHC H1743−322. This source belongs to a group of Galactic black hole X-ray binaries dubbed as outliers of the 'universal' radio/X-ray correlation, for being located below the main L Radio ∝ L ∼0.5−0.7 X relation. We therefore concentrated our efforts on providing new constraints and improving our understanding of these sources. Our main conclusions can be summarised as follows: (i) In the brightest phase of the hard state, we find a tight power-law correlation with a slope b = 1.38 ± 0.03, between the radio flux from the compact jets and the X-ray emission from the inner flow. This correlation is much steeper than usually found for black hole X-ray binaries and is the first precise measurement for an outlier.
(ii) When the source reaches a luminosity below ∼ 5 × 10 −3 L Edd (M/10M ) −1 , we found evidence of a transition from the steep b ∼ 1.4 relation to the standard b ∼ 0.6 correlation seen in, e.g., V404 Cyg and GX 339−4.
(iii) Additionally, we find that H1743−322 provides the best constraint to date (with a jet quenching factor of ∼ 700) supporting the idea of jet suppression during the soft state.
From these results, we discuss several hypotheses that could explain the correlation index along with the transition toward the standard correlation:
(i) We first show that if the standard scaling, L radio ∝ M 1.4 , between the jet radio emission and the accretion rate is valid, then our results require a radiatively efficient accretion flow that produces the X-ray emission in the hard state at high accretion rate. Ultimately, the flow has to become radiatively inefficient below a critical accretion rate, to account for the transition.
(ii) We also investigate the possibility that our results arise from the outflow properties of the source rather than from the accretion flow. We show in particular that if we relax the assumption that the jet power is a fixed fraction of the accretion power and we consider this fraction linearly dependent on the accretion rate, we can obtain the required correlation with an inefficient accretion flow.
Further investigations are now needed, to determine which fundamental parameter of the binary systems or their environments, can lead BHXBs of similar appearance to develop different accretion or ejection flows.
